Strawberry (*Fragaria ananassa* Duch.) belongs to the Rosaceae family, and its fruit is of bright color, sweet and sour in taste, and highly nutritious. This makes the strawberry fruit of high nutrition as well as economic value, but since the fruit tissue is soft and delicate, it is prone to mechanical injuries and pathogen infections, and these may result in significant economic loss ([@b11-ppj-34-403]). Contemporarily, chemical fungicides have been the primary control measures to prevent postharvest diseases of strawberry fruits, but the adverse effects of fungicides on the environment and human health, and the resistance of pathogenic microorganisms have increasingly limited the use of fungicides ([@b12-ppj-34-403]; [@b27-ppj-34-403]). Therefore, it is imperative to find other methods to prevent and control postharvest diseases ([@b17-ppj-34-403]).

With the identification of plant immunity and its application in field control of crop diseases, it was gradually discovered that for vegetables and fruits, resistance to diseases could be induced either by physical, chemical or biological methods, and this process was accordingly named postharvest induced resistance ([@b4-ppj-34-403]; [@b24-ppj-34-403]). Multiple factors, including physical, chemical and biological factors, could induce plant resistance. Among all previously reported inductive factors, antagonistic microorganisms have attracted considerable attention among researchers, because they cause no pollution, no drug resistance, and no harm to human body ([@b23-ppj-34-403]; [@b30-ppj-34-403]). Many studies have concluded that, antagonistic microorganisms can not only prevent postharvest diseases of vegetables or fruits ([@b14-ppj-34-403]; [@b28-ppj-34-403]) but also act as elicitors to induce resistance of fruits ([@b1-ppj-34-403]; [@b8-ppj-34-403]), therefore biologic antagonists could be used as an effective and feasible method to induce resistance of plants and prevent postharvest diseases ([@b9-ppj-34-403]).

Many studies reported the biological factor-induced resistance of fruits and vegetables. For example, [@b31-ppj-34-403] treated cherry tomato with *Pichia guilliermondii*, and found the treatment to have significantly reduced postharvest Rhizopus rot, and changed the activity of POD (peroxidase), PPO (polyphenol oxidase), SOD (superoxide), and CAT (catalase) in the fruits. [@b30-ppj-34-403] reported that treating apple, peach, and orange with antagonistic yeast *P. guilliermondii* significantly induced the activity of PAL (phenylalanine ammonialyase). [@b15-ppj-34-403] inoculated apple with *Aureobasidium pullulans* during the storage period and found the treatment significantly improved the activity of POD, CHI (chalcone isomerase) and β-1,3-glucanase. Until now, no study has reported the effect of *Burkholderia contaminans* (*B. contaminans*) on postharvest disease, so in this study, strawberry fruits were taken as the test material to evaluate whether *B. contaminans*is able to inhibit postharvest gray mold and induce resistance in strawberry, and thus to provide a theoretical basis for the application of biological antagonists in postharvest disease control of strawberry fruits.

Materials and Methods
=====================

Antagonistic bacteria
---------------------

*B. contaminans* B-1 was isolated by our laboratory from the surface of apricot, and identified according to its 16S rDNA sequence in combination with its physiological and biochemical characteristics. The rat acute toxicity test, rabbit skin and eye sensitization test and guinea pig skin sensitization test confirmed that the strain was non-toxic and allergenic (tested by the Department of Hygiene Toxicology, School of Public Health, Shanxi Medical University). The strain was preserved at −80°C. For usage, it was first activated by culturing on a LB plate (peptone 10 g, sodium chloride 5 g, yeast extract 10 g and distilled water 1000 ml, pH 7.2), and then single colonies were inoculated into liquid LB medium (50/250 ml) and shaken at 28°C and 200 r/min for 24 h.

Pathogen
--------

*Botrytis cinerea* (*B. cinerea*) was isolated from strawberry fruits with natural decay, and identified according to the morphological characteristics. The strain was preserved at −4°C, and for usage, it was inoculated onto a PDA plate (potato 200 g, glucose 20 g, agar 15 g and distilled water 1000 ml, pH 6.8) and cultured at 26°C for 5--7 d. Then, conidiophores were obtained, counted, and made into suspension with a concentration of 1.0 × l0^5^ spores/ml.

Fruits
------

The "Hongyan" strawberry fruits were picked from greenhouses in Dongyang Town, Jinzhong, Shanxi. All fruits were obtained from the same greenhouse. Matured fruits with uniform sizes and no mechanical injuries or diseases were collected in the morning and immediately transported back to the laboratory and stored at 0°C.

The inhibition of fruit decay by the antagonistic bacteria
----------------------------------------------------------

### The effect of different B-1 solutions on strawberry fruits inoculated with *B. cinerea*

Healthy strawberries were selected and a wound with 4 mm × 4 mm in size was made on the surface by using a sterilized needle. Then, the following solutions (40 μl) were applied to the wound of strawberries: A) B-1 fermentation with a concentration of 1 × 10^10^ cfu/ml; B) 1 × 10^9^ cfu/ml B-1 fermentation; C) 1 × 10^8^ cfu/ml B-1 fermentation; D) 1 × 10^10^ cfu/ml B-1 suspension: After centrifuging the B-1 fermentation (1 × 10^8^ cfu/ml) at 10000 g for 10 min, the supernatant was discarded and the precipitant was re-suspended using an equivalent volume of sterile water; E) B-1 filtrate: The supernatant of filtered B-1 fermentation (1 × 10^10^ cfu/ml) through a 0.45-μm membrane; F) Heat-killed B-1 solution: The B-1 fermentation was heated at 121°C for 20 min; and CK: sterile water. After applying the solutions, fruits were blown by sterile wind for 2 h and added with the *B. cinerea* suspension (1 × 10^5^ spores/ml). In the subsequent step, it was cultured at 16°C for 8 d, following which are the calculation of disease incidence and the measurement of mold diameter. Each repeat had 30 fruits, and each treatment had 3 repeats.

### The effect of B-1 solutions with different concentrations on naturally decayed strawberry fruits

Healthy strawberry fruits were soaked relatively in the following solutions: A) B-1 fermented stock; B) B-1 fermentation broth (diluted 5 times); C) B-1 fermentation broth (diluted 10 times); D) B-1 bacterial suspension stock; E) B-1 bacterial suspension (diluted 5 times); 6) B-1 bacterial suspension (diluted 10 times); 7) CK1: sterile water; and 8) CK2: untreated. After being soaked in the above solutions for 2 min, strawberry fruits were dried with sterile wind, packed in PE plastic bags and preserved respectively at 16°C for 15 d. Afterwards, the condition of fruits stored at two temperatures was examined, and the incidence of gray mold, as well as the index of decay, was calculated. Each repeat had 1000 g of fruits, and each treatment had 3 repeats.

Fruit decay was classified into 5 degrees. Degree 0: Fruits are intact without any decay; Degree 1: Fruits show mild lesion on the surface, with an area of decay smaller than 1/3 of the total fruit surface; Degree 2: Fruits show obvious decay, which covers an area of 1/3-1/2 of the fruit surface; Degree 3: Over 1/2 of the fruit surface is decayed, but the fruit still bears certain hardness; Degree 4: The fruit is decayed completely. The index of fruit decay is calculated by the following formula:
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The effect of antagonistic bacteria on resistance-related enzymes in strawberry fruits
--------------------------------------------------------------------------------------

### Fruit treatment

According to the method proposed by [@b3-ppj-34-403], strawberries with uniform sizes and maturities, and with no mechanical injuries were selected and randomly assigned to the control and treatment group. For both groups, fruits were soaked in 2% sodium hypochlorite, dried with sterile wind, and made with a wound of 4 mm diameter and 4 mm depth in the equatorial part by using a sterilized needle. Then, the treatment group was applied with 40 μl of *B. contaminans* B-1 fermentation, whereas the control was applied with an equivalent amount of sterile water. After drying the fruits by sterile wind for 2 h, 15 μl of *B. cinerea* spore suspension (1 × 10^5^ spores/ml) was inoculated onto the wounds and cultured at 16°C for 5 d. Each day, the fruit tissue at 5 mm distal to the wound was sampled, wrapped in foil, frozen by liquid nitrogen, and preserved at −80°C for future measurements. Each repeat had 30 fruits, and each treatment had 3 repeats.

The detection of phenylalnine ammonia lyase (PAL) activity was performed in referring to the method of [@b31-ppj-34-403], and 1 unit of enzyme activity (U) was defined as a change of 0.01 in light absorbance at 290 nm per hour; The measurement of 4-coumarate coenzyme A ligase (4CL) activity was performed with the modified method of [@b26-ppj-34-403], with 1 unit of enzyme activity (U) defined as a change of 0.1 in the absorbance at 333 nm per minute; The measurement of cinnamate-4-hydroxylase (C4H) activity was performed using modified method of [@b10-ppj-34-403], with 1 unit of enzyme activity (U) defined as a change of 0.01 in the absorbance at 340 nm per minute; The detection of chalcone isomerase (CHI) activity was performed according to the modified method of [@b18-ppj-34-403], with 1 unit of enzyme activity (U) defined as a change of 0.01 in the absorbance at 390 nm per minute; The activity of cinnamyl-alcohol dehydrogenase (CAD) was measured using the modified method of [@b13-ppj-34-403], with 1 unit of enzyme activity defined as a change of 0.1 in the absorbance at 340 nm per minute; The detection of polyphenloxidase (PPO) activity was performed using the pyrocatechol method ([@b25-ppj-34-403]), with 1 unit of enzyme activity defined as an increase of 0.1 in the absorbance at 398 nm per minute, and the activity of peroxidase (POD) was detected using the Guaiacol method ([@b19-ppj-34-403]), with 1 unit of enzyme activity defined as an increase of 0.01 in the absorbance at 460 nm per minute. The measurement of each sample was repeated 3 times.

### Detection of resistance-related substances

The amount of total phenols and flavonoids was performed using the modified method of [@b22-ppj-34-403], and the content was respectively presented as OD280 g^−1^FW and OD325 g^−1^FW; The amount of lignin was determined using the modified method of [@b5-ppj-34-403] and was presented as OD280 g^−1^FW. The measurement of each sample was repeated 3 times.

Dynamic growth of antagonistic bacteria and pathogenic fungus in the wound of fruit
-----------------------------------------------------------------------------------

After inoculation of *B. cinerea* at the center of the PDA plate, two antagonizing bacteria B-1 straight lines were drawn on the right and left sides of Botrytis cinerea. The straight lines were at about 3 cm from the inoculation point. After 3 days culture at 26°C, the mycelium of *B. cinerea* that is far from the antagonistic bacteria was used as a control and near B-1 as treatment. The control and treated pathogen mycelium were picked up respectively, and the morphology of mycelium was observed under scanning electron microscope. The dynamic growth of colonies at the wound was also observed under an electron microscope at 12 h, 24 h, and 48 h post inoculation.

Data analysis
-------------

Statistical analysis was performed using the SPSS 16.0 software. Significance was tested by the Duncan new multiple range test.

Results
=======

The effect of antagonist bacteria on postharvest strawberry fruits inoculated with pathogens
--------------------------------------------------------------------------------------------

[Fig. 1](#f1-ppj-34-403){ref-type="fig"} shows the degree of decay after strawberry fruits were treated with different solutions and preserved at 16°C for 8 d. Fruits in the control group were all diseased, with an infection rate of 100% and a lesion diameter of 20.4 mm. Strawberries treated with B-1 filtrate or heat-killed B-1 fermentation respectively had an infection rate of 99.1% and 100%, bearing a lesion diameter of 20.9 mm and 19.6 mm, which were insignificantly different from the control. However, with respect to those treated with B-1 fermentation and suspension, the rate of decay and the diameter of lesion were both significantly reduced; The B-1 fermentation treatment had an infection rate of 22.6% and a lesion diameter of 4.4 mm, which respectively obtained an inhibition rate of 77.4% and 78.4% in comparison to the control; The B-1 suspension treatment had an infection rate of 33.3% and a lesion diameter of 5.9 mm, and the inhibition rate was 66.7% and 71.1% respectively. And as the concentration of B-1 fermentation increases, the severity of the disease of the strawberry fruits also becomes lighter. The B-1 fermentation with 1 × 10^8^ cfu/ml and 1 × 10^9^ cfu/ml had an inhibition rate of 32.0% and 54.3% respectively in comparison to the control. The concentration of 1 × 10^10^ cfu/ml fermentation broth is more effective than these two concentrations. [Fig. 2](#f2-ppj-34-403){ref-type="fig"} shows the inhibitory effect of partial treatment solution on postharvest gray mold of strawberry.

The effect of antagonistic bacteria on natural decay of strawberry fruits
-------------------------------------------------------------------------

[Fig. 3](#f3-ppj-34-403){ref-type="fig"} shows the decay index of strawberry fruits after they were treated differently and stored at 16°C for 15 d. As indicated by the chart, both fermentation broth and bacterial suspension at different concentrations could inhibit postharvest decay of strawberry fruits. The decay index of CK1 (soaked in sterile water) and CK2 (untreated) fruits was 94.70 and 93.95 respectively, which were insignificantly different from each other. The fermentation stock in comparison with 10 times-diluted fermentation stock showed similar antiseptic effects, which had a decay index of 73.83 and 70.70 respectively. On the other hand, the 5 times-diluted fermentation stock showed the most effective protection against fruit decay, with the decay index being 51.39, and the inhibition rate being 45.3% in comparison to CK2. The bacterial suspension had the second highest efficacy in preventing fruit decay, and the inhibition rate was 37.47% when compared to the CK2.

The effect of antagonistic bacteria on the activity of enzymes involved in the phenylpropanoid pathway
------------------------------------------------------------------------------------------------------

As shown in [Fig. 4A](#f4-ppj-34-403){ref-type="fig"}, the activity of PAL rose significantly with the increase of storage time in the B-1 treated group, with a small peak occurring on the second day. On the other hand, the control group showed an opposite trend, and by the 5th day, the PAL activity in antagonist-treated strawberries reached 26.27 U/g, which was 4.47 times the control. During storage, the activity of C4H varied in similar patterns between the treatment and control groups, which exhibited a declining trend in the first 4 d and a significant increase on the 5th day, but the activity of the treatment group was significantly higher than the control group ([Fig. 4B](#f4-ppj-34-403){ref-type="fig"}). [Fig. 4C](#f4-ppj-34-403){ref-type="fig"} demonstrates the change of 4CL activity in two groups, where the treatment group had a rising rate significantly higher than the control in the first 3 days, with significant difference identified on 1 d and 2 d (3.78 and 6.1 times higher than the control respectively), but then the increase was slowed down, and the enzyme activity on 5 d was insignificantly different between the two groups. In [Fig. 4D](#f4-ppj-34-403){ref-type="fig"}, the activity of CHI showed an overall increasing trend during the storage period. The ascending rate of two groups was basically the same on 1 d, but in the following days, the treatment group continued the growth whereas the control group showed an initial decrease and a subsequent increase, and the level of enzyme activity of the treatment group was significantly higher than the control during these days. As shown in [Fig. 4E](#f4-ppj-34-403){ref-type="fig"}, the activity of CAD reached the peak on 1 d in the control group, yet the peak of the treatment group occurred on 4 d, which indicated that the antagonistic bacteria delayed the rising of enzyme activity, and induced its activation in the eventual phase of storage. What can be seen from [Fig. 4F](#f4-ppj-34-403){ref-type="fig"} is that the two groups had a similar variation of the PPO activity during the first 4 d, where the level peaked at 2 d and decreased in the following days. In the first 3 days, the treatment group had an enzyme activity slightly higher than the control but the difference was not significant, and on 4 d, the treatment group showed a marked increase, and on 5 d, the treatment group continued to rise, whereas the control group experienced a decline, which resulted in a 2.5-fold difference between the treatment group and the control group. [Fig. 4G](#f4-ppj-34-403){ref-type="fig"} demonstrates that in the first 3 d, the activity of POD in strawberry fruits stayed relatively low, but from 3 d, enzyme activity started to increase in both groups, and the treatment group presented a rising rate significantly higher than the control.

The effect of antagonistic bacteria on resistance-related substances in strawberry fruits
-----------------------------------------------------------------------------------------

It can be seen from [Fig. 5A](#f5-ppj-34-403){ref-type="fig"} that strawberries with antagonist treatment had a higher level of lignin. In the first 3 days, the treatment group was slightly different from the control group, but on 4 d, the content of lignin increased dramatically and peaked at a level which was 1.5 times of the control. It can be seen from [Fig. 5B](#f5-ppj-34-403){ref-type="fig"} that the total phenol content displayed an overall rising trend during the storage period, and the treatment group always had a level higher than the control, considering 5 d as an exception. While the control group increased steadily, the treatment group had two peaks on 2 d and 4 d respectively. [Fig. 5C](#f5-ppj-34-403){ref-type="fig"} indicates that the treatment of antagonist bacteria did not significantly affect the level of flavonoid in strawberry fruits. The two groups showed little difference, only on 2 d, the treatment group had a slightly higher level than the control.

Dynamic growth of antagonistic bacteria in fruit wounds
-------------------------------------------------------

As shown in [Fig. 6](#f6-ppj-34-403){ref-type="fig"}, the count of colonies increased steadily during the 5 d culturing under 25°C. That is, the count of colonies started at 6.31 × 10^7^ cfu/ml and increased rapidly to 1.91 × 10^11^ cfu/ml at 1 d after inoculation. Following that, the number of colonies increased with time and plateaued at 1.2--3.2 × 10^19^ cfu/ml on 4--5 d, which was 10^8^ times of the level of 1 d. This suggested that the antagonistic bacteria could be well colonized in the strawberry wound.

The growth of Botrytis cinerea on the PDA medium close to B-1 was inhibited, resulting in the formation of a significant zone of inhibition, while the other side of the mycelium was able to grow normally, so the shape of the colonies was banded ([Fig. 7](#f7-ppj-34-403){ref-type="fig"}). The normally grown *B. cinerea*mycelia is smooth in appearance, uniform in growth, and relatively strong ([Fig. 8A, B](#f8-ppj-34-403){ref-type="fig"}); and the mycelia of B. cinerea close to the antagonistic bacteria is uneven in thickness, shrinkage, surface ulceration and containment spill-over ([Fig. 8C, D](#f8-ppj-34-403){ref-type="fig"}).

Discussion
==========

The results of this study showed that the antagonistic bacteria *B.contaminan* B-1 effectively prevented postharvest decay of strawberry fruits during storage, and either by wound inoculation or natural decay, the antagonistic bacteria demonstrated good inhibitory effects against fruit decay. Our study also found that the B-1 fermentation and suspension had better effects than the filtrate or heat-killed solution, which can indicate that the antifungal substance is not secreted outside the cell, and it is not resistant to high temperature.

After inoculating the strawberry fruits with antagonist fermentation, the levels of resistance-related substances were markedly different from the control. The treatment of antagonistic bacteria significantly elevated the activity of PAL, which is the first key enzyme for phenylpropane metabolism ([@b21-ppj-34-403]), and this was consistent with the study of [@b16-ppj-34-403], which correspondingly reported that resistant varieties would show increased PAL activity post pathogen infection. 4CL and C4H are the other two key enzymes following PAL. C4H is associated with the synthesis of p-coumaric acid, which is the synthetic precursor of phenolic acids including coumaric acid, caffeic acid, and ferulic acid, all of which hold the ability to directly kill and inhibit the growth of pathogens in fruits. The enhanced C4H activity would promote the biosynthesis of these phenolic acids ([@b6-ppj-34-403]). 4CL controls a branched pathway of phenylpropane metabolism, and its metabolites including lignin, total phenols and flavonoids are important antifungal substances ([@b29-ppj-34-403]).

According to the results, the inoculation of antagonistic bacteria increased the activity of C4H and 4CL during storage when compared with the control, and on 1 d and 2 d, the C4H activity of the treatment group was as high as 3.78 and 6.1 times of the control. Despite similar variations of the 4CL activity, the treatment group had a significantly higher level of enzyme activity, which was 1.5 times of the control. CHI is an important downstream enzyme of the phenylpropane pathway, and it functions to catalyze the synthesis of flavonoids and thereby enhancing the resistance of plants ([@b32-ppj-34-403]). CAD is key to the synthesis of lignin ([@b20-ppj-34-403]). PPO and POD are terminal-related enzymes; The former holds the ability to oxidize phenolic substances and produce toxic quinones that can restrict and kill pathogenic microorganisms, and the latter is associated with the synthesis of lignin and phytoalexins ([@b7-ppj-34-403]). In this study, the antagonistic bacteria significantly elevated the activity of CHI, PPO, and POD in the late period of storage, and delayed the occurring of CAD peak, which improved the resistance of postharvest strawberry fruits.

Lignin, total phenols, and flavonoids are metabolic end products of the phenylpropane pathway. As a major component of the cell wall, lignin functions to prevent the spreading of pathogenic microorganisms; Phenols are able to produce quinones that are highly toxic to pathogens; Flavonoids are important phytoalexins to prevent the germination of pathogenic spores as well as the elongation of germ tube, and to kill end cells of the mycelia ([@b2-ppj-34-403]). In this study, antagonistic bacteria increased the content of all three substances, and the lignin experienced the most significant elevation, which was 53% higher than the control on 4 d. The total phenols were increased by 24% and 20% on 2 d and 4 d respectively, and the flavonoids indicated slight increase but the difference was not significant.

In conclusion, inoculation of antagonistic bacteria significantly resulted in the following:

1.  Reduced the decay index of strawberry fruits during storage.

2.  Increased the activity of enzymes related to the phenylpropane pathway.

3.  Enhanced the accumulation of resistance-associated substances such as lignin and total phenols, and thereby significantly improved the postharvest resistance for strawberry fruits.

Therefore, inoculation of antagonistic bacteria could be used as a potential biological control against fruit decay during postharvest storage of strawberry fruits.
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![Mycelial morphology of *Botrytis cinerea* growing normally (A, B) and affected by antagonistic bacteria (C, D) under microscope.](ppj-34-403f8){#f8-ppj-34-403}
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